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Objective  To investigate the eff  ects of night sleep on motor cortical excitability with TMS (transcranial magnetic 
stimulation) and fi  nger tapping performance.
Method  Eight volunteers were enrolled to investigate the eff  ects of day wake or night sleep on motor learning and 
fi  nger performance. Each subject underwent a fi  nger tapping task over a 12 hour period, which was employed to 
evaluate the motor cortical excitability aff  ected by motor learning. Starting at 9:00 am for the day wake cycle and 
restarting at 9:00 pm for the night sleep cycle. Th  e  fi  nger tapping task was the index fi  nger of the non-dominant 
hand with the Hangul word personal computer (PC) training program. Th   e data was assessed by comparing the 
changes observed with the cortical excitability and fi  nger tapping performance tests between the day wake and 
night sleep after equivalent amounts of training.
Results  The results showed that in paired-pulse techniques, there was a significant decrease of intracortical 
inhibition (ICI) in the morning following the night sleep cycle (p<0.05), but no signifi  cant change was seen in the 
ICI in the evening for the day wake cycle. In addition a signifi  cant decrease of the ICI was observed in comparison 
to the morning following the night sleep cycle and the evening following the day wake cycle (p<0.05). Th  e  140% 
recruitment curve (RC) and accuracy of the fi  nger tapping performance demonstrated a signifi  cant improvement 
for both cycles (p<0.05).
Conclusion  Through this study, we observed that the Hangul typing practice requires both explicit and 
implicit skill learning. And also the off-line learning during a night of sleep may be affected by an inhibitory 
neurotransmitter related synaptic plasticity and by the time dependent learning with recruitments of remote or 
less excitable motor neurons in the primary motor cortex.
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INTRODUCTION
In rehabilitation, improvements in motor learning are 
achieved through goal directed repetitive exercise. Repet-
itive exercise itself can increase motor learning, however, 
according to recent studies, learning also occurs between 
training sessions and is referred to as off-line learning.
1 
In off  -line learning, the process of memory consolidation 
is important. Post-training consolidation off  ers a second, 
delayed stage of learning that develops in the absence of 
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further training and it can be affected by many circum-
stances specifi  cally including the type of motor training, 
memory and sleep.
2-4 
Walker et al.
5 presented functional magnetic resonance 
imaging data which demonstrated alterations in the 
representation of motor memory after a night of sleep. 
However, there are no recent studies which present neu-
rophysiological data on the relationship between sleep 
and motor learning and specifi  cally, cortical motor excit-
ability. Here we focused on presenting neurophysiologi-
cal data regarding how sleep affects the motor cortical 
activity using transcranial magnetic stimulation (TMS).
MATERIALS AND METHODS
Subjects
Eight subjects with no neurological or psychiatric con-
ditions were recruited in this study. All of the subjects 
were right-handed, two were female and the remaining 
six were male subjects with a mean age of 27 (24-36). We 
restricted any alcohol or drug intake that might affect 
the participants’ sleep cycle during the 24 hours before 
and after the experiment. We also recommended that the 
subjects maintain a regular sleep cycle during the experi-
mental period.
Methods
All subjects underwent a serial reaction time (SRT) fi  n-
ger tapping task and TMS comparison study with an in-
terval of 12 hrs. For the day wake cycle, the baseline study 
was performed at 9:00 am and the comparison study was 
initiated at 9:00 pm. For the night sleep cycle, the base-
line study was performed at 9:00 pm and the comparison 
study was done at 9:00 am. Between each cycle, there was 
an interval of 48 hrs, and all of the subjects were encour-
aged to sleep for more than eight hours (Fig. 1).
Th   e SRT is a commonly used method for the measure-
ment of implicit learning. In the SRT task, subjects are 
asked to respond to a fi  xed set of cues. Th   e reaction time 
to the cues was measured. Learning is defi  ned as increas-
ingly faster response times.
In this research, the fi  nger tapping task was implement-
ed using the index fi  nger of the non-dominant hand in a 
seated position on a chair while maintaining a fi  xed dis-
tance from the subjects’ eye and the PC monitor. Typing 
was completed with the same PC word training program 
(Hangul 2007 word training program step 1: typing the 
middle line of the key board upon visual cues) repeating 
the task for 10 times and checking both the time and ac-
curacy of the performance level.
6 During the fi  nger tap-
ping program the subjects’ wrist was immobilized with 
a resting splint to encourage the movement of the first 
dorsal interossei muscle.
Along with the task performance level test, the cortical 
motor excitability was tested using transcranial magnetic 
stimulation (TMS) with the MAGSTIM 200 Mono Pulse 
(Magstim Co., Whiteland Dyfed, UK). Using a figure-8 
electromagnetic coil, we stimulated the motor cortex that 
is involved in the activation of the fi  rst dorsal interossei 
of the non-dominant hand. Th   e axonal membrane excit-
ability of the corticocortical axon is measured using the 
resting motor threshold (rMT), and the corticocortical 
excitability is measured using the testing recruitment 
curve (RC).
7 The synaptic excitability of the inhibitory 
and excitatory circuit at the level of the motor cortex is 
tested using paired-pulse measurement of the intracorti-
cal inhibition and intracortical facilitation (ICI & ICF).
8
Th   e rMT is the minimal stimulation intensity in which 
the motor potential larger than 50 μV is evoked more 
than fi  ve times throughout ten consecutive stimulations. 
RC is the mean amplitude (stimulated ten times, peak to 
peak; μV) of the motor evoked potential (MEP) stimu-
lated at 120% and 140% of the rMT.
9
Th   e Conditioning stimulation of the paired-pulse stim-
ulation is done at 80% of the rMT and test stimulation 
was performed at 130% of the rMT. The inter-stimulus 
interval (ISI) of the ICI was set at 3 msec and the ISI of 
the ICF was set at 13 msec.
8 The mean MEP amplitudes 
in each ICI and ICF were expressed as the percent of the 
Fig. 1. The Hangul typing practice and test protocols, com-
posed of a night sleep cycle and a day wake cycle.Hae Jin Lee, et al.
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mean single pulse test MEP amplitude. 
The data was assessed in the same subjects after an 
initial training session by comparing the differences in 
the cortical excitability and hand taping performance 
during the 12 hours wakefulness compared to results 
obtained during the 12 hours of wake following a subse-
quent night’s sleep with repeated measurements includ-
ing the analysis of variance (repeated measure ANOVA). 
In addition, we assessed the presence of time dependent 
learning by comparing the diff  erences between two pre-
training conditions (AM9 of day wake cycle and PM9 of 
night sleep cycle) and also the differences between two 
post-training states (PM9 of day wake cycle and AM9 of 
night sleep cycle) with the Mann-Whitney U test. Our 
data had a normal distribution which was analyzed by 
the Shapiro-Wilk test. p-values lower than 0.05 were as-
sumed to be statistically signifi  cant results.
RESULTS
The mean value of the rMT in the day wake cycle 
was 51.00±9.89% at 9 am and 53.25±11.15% for the 9 
pm cycle. In the night sleep cycle, the mean value at 9 
pm was 50.50±8.43% and the mean value at 9 am was 
49.50±9.70%, however, there were no statistically signifi  -
cant diff  erences between the cycles (p>0.05) (Fig. 2).
Th   e mean amplitude of the MEP stimulated at 120% of 
the rMT for the day wake cycle demonstrated a reading 
of 783.50±632.07 μV at 9 am and 721.25±496.45 μV for 
the 9 pm cycle. In the night sleep cycle, the mean ampli-
Fig. 2. Changes in the resting motor threshold in the day wake (A) and night sleep (B) cycle. Values are the means±standard 
deviation and analyzed by repeated measure ANOVA (p>0.05). 
Fig. 3. Changes in the single pulse TMS, recruitment curves stimulated by 120% and 140% of the resting motor threshold in 
the day wake (A) and the night sleep (B) cycle. Values are the means±standard deviation and analyzed by repeated measure 
ANOVA (*p<0.05).Eﬀ  ects of Night Sleep on Motor Learning Using TMS
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tude was 595.75±559.80 μV at 9 pm and 606.25±429.38 
μV at 9 am after more than eight hours of sleep. All mean 
amplitudes of these MEPs for both the day wake and the 
night sleep cycle also showed no statistically meaningful 
changes (p>0.05) (Fig. 3).
Th   e mean amplitude of the MEP stimulated at 140% of 
the rMT for the day wake cycle showed 1,879.75±947.16 
μV at 9 am and 2,216.00±827.22 μV for the 9 pm cycle. 
In the night sleep cycle, the mean amplitude was 
1,951.50±373.89 μV at 9 pm and 2,147.25±469.51 μV at 
9 am after more than eight hours of sleep. In both the 
day wake and night sleep cycles the mean amplitudes of 
MEPs stimulated at 140% of the rMT showed signifi  cant 
increase at the interval of 12 hours (p<0.05) (Fig. 3). 
In the paired pulse stimulation, the mean value of 
the ICI for the night sleep cycle was -36.43±17.14% at 
9 pm and -16.33±22.13% for the 9 am cycle after more 
than eight hours of sleep (p<0.05). For the day wake 
cycle, the mean value was -16.42±54.68% for 9 am and 
-39.54±17.01% for the 9 pm cycle. Unlike the night sleep 
cycle, this value is statistically insignificant for the day 
wake cycle (p>0.05) (Fig. 4).
Continuing with the paired pulse stimulation, the mean 
value of the ICF in the day wake cycle was 104.54±65.51% 
at 9 am and 63.45±61.20% for the 9 pm cycle. For the 
night sleep cycle, the mean value was 85.34±49.27% at 9 
pm and 109.48±62.53% for the 9am cycle which demon-
strated an interval increase, but neither the day wake nor 
the night sleep cycle showed statistically signifi  cant data 
(p>0.05) (Fig. 4).
The mean value of the performance speed during the 
finger tapping task was 123.75±1.26 sec at 9 am and 
Fig. 5. Changes in the speed and accuracy in the day wake (A) and the night sleep (B) cycle. Values are the means±standard 
deviation and analyzed by repeated measure ANOVA (*p<0.05).
Fig. 4. Changes in the ICI and ICF in the day wake (A) and night sleep (B) cycle. Values are the means±standard deviation and 
analyzed by repeated measure ANOVA (*p<0.05).Hae Jin Lee, et al.
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117.60±13.34 sec at 9 pm for the day wake cycle, and 
123.85±0.89 sec at 9 pm and 123.25±2.63 sec at 9 am for 
the night sleep cycle, respectively. These values of per-
formance speed showed a tendency to decrease for both 
cycles but were statistically insignifi  cant (p>0.05) (Fig. 5).
Th   e mean value of performance accuracy in the fi  nger 
tapping task was 95.45±1.38% at 9 am and 96.95±0.55% 
at 9 pm for the day wake cycle, and 95.10±1.49% at 9 pm 
and 96.70±0.68% at 9 am for the night sleep cycle, respec-
tively. Th   ese performance accuracy tests showed a statis-
tically signifi  cant increase for both cycles (p<0.05) (Fig. 5).
In assessing the presence of time dependent learning 
through the comparison of diff  erences between the two 
pre-training conditions and the two post-training states, 
the mean value of the ICI exhibited significant differ-
ences between the post-training states which were in 
the evening of the day wake cycle and in the morning of 
the night sleep cycle (p<0.05). Th   ere were no signifi  cant 
differences observed in the others including rMT, ICF, 
RC120%, and RC140% (p>0.05) (Table 1).
DISCUSSION
Th   e changes occurring in between practice sessions and 
without physical practice are defi  ned as off  -line learning. 
Off  -line learning is aff  ected by several factors including, 
the type of memory, practice, and sleep as well as others. 
Recently there has been increasing interest in the eff  ect 
of sleep on motor learning and also off  -line learning.
2-4
In several studies, motor performance of the fi  nger task 
has shown 20-33% improvement after eight hours of a 
night sleep.
10,11 Overnight improvements are observed 
in the SRT to fi  nger tapping in patients with a prefrontal 
cortex infarction,
12 and the error rate of moving objects 
using fi  ngers in patients with middle cerebral artery in-
farction decreased by 12-14% after a full night of sleep.
Walker et al.
5 used functional magnetic resonance 
imaging to determine whether a sleep cycle taken after 
practice has an effect on off-line learning. Following 
a night of sleep relative to wakefulness, regions of in-
creased activation were expressed in the right primary 
motor cortex, medial prefrontal lobe, hippocampus and 
left cerebellum. Th   ese changes are related to precise mo-
tor performance and accuracy achieved during the fi  nger 
task activities. 
In this study, we determined the neurophysiological ef-
fect of night sleep on the motor cortical excitability using 
TMS. The process of acquiring a motor skill, or practice 
of a motor task are to be associated with alterations in 
cortical motor excitability, which may be a result of mo-
tor learning.
13 Also off-line consolidation involves the 
strengthening of memory representations at the synaptic 
level,
14 which can be expressed by changes in the ICI or 
ICF.
In our study, the ICI in paired pulse stimulation demon-
strated a decrease in the night sleep cycle which suggests 
that sleep has an effect on motor learning through the 
disinhibition of the inhibitory neurotransmitter, GABA 
(Gamma Amino Butyric Acid) related neurotransmitters 
as opposed to changes in the neuronal membrane stabil-
ity.
In the latest studies, not all types of motor learning are 
aff  ected by off  -line learning. Th   e types of motor learning 
that can be conducted unintentionally are not aff  ected by 
sleep, but motor learning that requires intentional recall 
of memory show vast improvements following sleep.
3,4 
However, the time dependent motor learning is acquired 
by the unintentional procedural learning task and also 
the magnitude of day time and overnight improvements 
are similar.
1
According to the studies regarding off  -line learning and 
Table 1. Comparison of the TMS Parameters between the 
Day Wake and Night Sleep Cycles
Morning in 
day wake
Evening in 
night sleep
rMT (%)* 51.00±9.89 50.50±8.43
RC120 (μV) 783.50±632.07 595.75±559.80
RC140 (μV) 1,879.75±947.16 1,951.50±373.89
ICI (%)
† -16.42±54.68 -36.43±17.14
ICF (%)
† 104.54±65.51 85.34±49.27
Evening in 
day wake
Morning in 
night sleep
rMT (%)* 53.25±11.15 49.50±9.70
RC120 (μV) 721.25±496.45 606.25±429.38
RC140 (μV) 2,216.00±827.22 2,147.25±469.51
ICI (%)
† -39.54±17.01 -16.33±22.13
‡ 
ICF (%)
† 63.45±61.20 109.48±62.53
rMT: Resting motor threshold, RC: Recruitment curve, 
ICI: Intracranial inhibition, ICF: Intracortical facilitation 
*% of the maximum stimulator output, 
†% of the 
mean single pulse test MEP amplitude, Values are 
means+standard deviation and analyzed by the Mann–
Whitney U test (
‡p<0.05)Eﬀ  ects of Night Sleep on Motor Learning Using TMS
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the type of memory, motor learning that utilizes explicit 
memories is much more affected by sleep than motor 
learning that utilizes implicit or procedural memory.
15 In 
other words, there would be more improvement during 
non practicing periods if the individual who is learning 
the motor skill intentionally recalls the memories during 
practice.
TMS has been used to investigate the mechanism of 
various interventions or drugs aff  ecting cortical excitabil-
ity.
16,17 Th   e MT in the resting muscle refl  ects the excitabil-
ity of the central core of neurons, depending on the excit-
ability of the individual neurons and their local density. 
The ICI and ICF are assessed by paired-pulse TMS and 
refl  ect the synaptic activity in the cortex. At below 5 mil-
liseconds, there is inhibition, whereas there is facilitation 
during intervals between 8 and 30 milliseconds.
8,9 The 
ICI is likely largely a GABAergic eff  ect,
8 whereas the ICF 
is largely a glutamatergic effect.
18 The RC is the growth 
of the MEP size as a function of stimulus intensity. This 
measurement is partially understood, but appears to 
involve neurons in addition to less excitable or spatially 
remote neurons.
19
In our data, the fact that the rMT and ICF did not 
change during the day wake and night sleep cycle sug-
gests no involvement of the neuronal cell membrane 
excitability, facilitatory mechanisms in time dependent 
learning, or the off  -line learning after the Hangul typing 
practice. However, the primary motor cortex could have a 
critical contribution to off   line learning overnight through 
the disinhibition of the ICI. It has been confirmed that 
the day time improvement after practice was blocked by 
repetitive TMS on the primary motor cortex, but the im-
provement observed following the night sleep cycle was 
not blocked.
1 In addition, through our comparison study 
on the TMS parameters between the day wake and night 
sleep cycle, the disinhibition of the ICI was advanced by 
off  -line learning via night sleep, but did not progress as a 
result of practice dependent learning. 
The type of memory needed to carry out the Hangul 
word training program used in this study is procedural 
meaning that many people already know the keyboard 
sequence. However, the sequence is given in random 
order so there is a portion of explicit memory. That im-
provement in accuracy of the Hangul word typing follow-
ing practice for both the day wake and night sleep cycle 
suggest the involvement of unintentional characteristics 
of motor learning in Hangul word typing, a result of both 
explicit and implicit learning. This fact also leads to an 
increase in the mean amplitude of the MEP stimulated 
at 140% of the rMT for both the day wake and night sleep 
cycle. Th   e same phenomenon was observed in individu-
als that study dance and the reliance on intentional in-
struction regarding the sequence of dance steps apart 
from unintentional repetitive practice.
20
These sleep induced off-line learning effects are not 
only present in normal healthy adults, but also present 
in stroke patients.
21 However, neurophysiological studies 
involving this particular fi  eld are not suffi   cient. In the fu-
ture, further studies addressing the relationship between 
sleep and motor learning in stroke patients might be an 
important examination.
CONCLUSION
Even though practice induced motor learning is one of 
the most important methods in rehabilitation therapy, 
off-line learning which is defined as learning without 
practice could also contribute to the achievement of 
skills. 
In our study, the Hangul word practice, which is in-
volved in both explicit and implicit leaning, has off   line 
learning eff  ects and also day time learning eff  ects. Th  ese 
mixed types, intentional and unintentional practices, 
might have not only have an eff  ect in off   line learning by 
night sleep but also time dependent learning throughout 
the day time. Off-line learning with intentional motor 
practice was developed by disinhibition of the GABA re-
lated inhibitory neurotransmitter(s) and time dependent 
learning may be achieved by neuronal recruitment of re-
mote or less excitable motor neurons in the primary mo-
tor cortex.
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